. The soil-gas radon concentration varies from 2 to 12.3 kBqm
Introduction
Radon is an inert, water soluble gas produced by the decay series of radium ( 226 Ra) which is also a decay product of uranium ( 238 U) decay series. Radon further decays into Polonium ( 218 Po) which emits an alpha particle of energy 5.5 MeV. Radon is present in trace amount almost everywhere on earth being distributed in the soil, groundwater and in the lower levels of the atmosphere. Radon which is present everywhere on the earth surface reaches by different processes and accumulates in the houses and underground mines.
Radon contributes approximately 55% of the total internal radiation exposure to human being (ICRP, 1993) . Radon in the outdoor environment is quickly diluted with the air. But when it enters into the indoor air, it accumulates in the houses and causes serious damage to the people living in the dwellings. The major source of radon in the indoor air is the Uranium present in the soil and rocks beneath the house as well as the drinking water, building material and the cooking gas we use (Ramola, Negi, & Choubey, 2005) . Radon is believed to be the second largest cause of lung cancer, after smoking (EPA, 2003) .
The average annual effective dose was estimated to be 2.4 mSv from the natural sources, out of which, approximately 1.0 mSv is because of the exposure of radon (UNSCEAR., 2000) . The International Agency for Research on Cancer has categorized accumulated radon in dwellings as a Group 1 carcinogen. The presence of radon in water is due to its radium content, bedrock and the soil surrounding it. The concentration of radon is generally low in the surface water as compared to the underground water because of the presence of granite, sand and gravels (Akerblom & Lindgren, 1996; Ali, Khan, Akhter, Khan, & Waheed, 2010; Hopke, 2000; Loomis, 1987; Prasad, Prasad, Choubey, & Ramola, 2009; Somlai et al., 2007) . The water soluble radon is an important secondary source for the indoor radon exposure. This soluble radon, degas from the usable water inside the dwellings and becomes airborne (Makofske, 1988) . Therefore the indoor radon concentration increases simultaneously with the high radon content in the water. Due to the presence of radon in water, the inhalation and ingestion causes exposure to the lungs and stomach respectively, out of which inhalation is expected to cause much health risk (National Research Council, 1999) . This paper investigates the indoor radon concentration, the soil gas concentration and the concentration in drinking water along the Rajpur region of Doon valley located in Garhwal Himalayas for the assessment of health risk of the study area. The aim of the work is to estimate the annual effective dose as well as inhalation and ingestion doses to the people in the dwellings.
2.
Experimental setup and theoretical approach 2.1.
Geology of the study area
The investigated area shown in Fig. 1 (Choubey, Ramola, & Sharma, 1994) . These basal rocks are almost crushed and sheared. The upper part of shivaliks is composed of conglomerates and boulders while the lower part is composed of clay and sandstones. A thick unit of boulders and pebbles with interbedded clay bands, commonly known as Doon gravels, fill the Doon valley (Ramola, Singh, & Virk, 1988) .
Experimental method
RAD-7 detector manufactured by DURRIDGE COMPANY Inc. was used for the measurement of radon concentration in indoor, soil and water. RAD-7 uses silicon as a semiconductor material which converts the alpha radiation into electrical energy. The detector inside the RAD-7 distinguishes the alpha particles from
218
Po and
214
Po with an energy range of 6.0 MeV and 7.9 MeV, respectively, into their respective windows (Fig. 2) .
The soil gas radon concentration was measured at a depth of 60 cm using a probe having diameter of 10 mm. The soil probe is immersed in the soil with gentle strokes of hammer. The soil probe is connected to drierite which is connected to the RAD-7. Drierite is an important accessory which absorbs the moisture from the soil gas. Hence the soil gas passing through the Drierite is moisture free. The gas from the soil probe is sucked for the 5 min pumping phase and then the data is received in the form of bar charts and cumulative spectra of the sample which can be printed with the printer Fig. 1 e Geological map showing study area (Rajpur) located in District Dehradun, India.
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For the determination of radon concentration in water, RAD H 2 O was used. A watt-250 protocol along with Grab mode was chosen on the RAD-7 for the 250 ml samples. The internal pump was used to effervest radon from the water sample and it circulates the gas to the counter for measurement.
2.3.
Dose estimation
Mean effective dose
The annual effective dose (H) for the inhabitants was calculated from the experimentally determined value of radon concentration (C Rn ) using expression (1) given by (UNSCEAR., 2000) .
Where, F is the global average (0.4) of equilibrium factor for radon and its progeny (UNSCEAR., 2000) , O is the global average indoor occupancy factor (7000 hy 
Mean effective dose for ingestion and inhalation
For the estimation of ingestion and inhalation doses, the indoor waterborne radon in the dwellings is a serious concern rather than other contaminated materials in it.
The annual mean effective dose for ingestion (E Wig ) and inhalation (E Wih ) were calculated from experimentally determined value of radon concentration in water (C RnW ) by using expression (2) and (3) respectively given by (UNSCEAR., 2000):
Where, C W is the weighted estimate of water consumption (60 ly
À1
) and EDC is the effective dose coefficient for ingestion (3.5 nSvBq
). R AW is the ratio of radon in air to radon in tap water (10 À4 ).
3.
Results and discussion . The soil gas concentration was found to be high due to the presence of loose soil matrix and the presence of Main Boundary Thrust (MBT) which is also a tectonically active area. The radon concentration in drinking water used by the members in respective houses was also measured for the ingestion doses received by the dwellings. The drinking water radon concentration varies from 1.7 to 57.7 kBqm À3 with a mean value of 20 kBqm À3 and Geometric mean of 14.51 kBqm
À3
. The radon concentration in drinking water was above the EPA recommended limit of 11 Bqm J o u r n a l o f R a d i a t i o n R e s e a r c h a n d A p p l i e d S c i e n c e s 9 ( 2 0 1 6 ) 2 2 8 e2 3 3 Fig. 3 shows the variation of indoor gamma radiation to the outdoor gamma radiation level for each dwelling site. Table 2 shows the indoor radon Annual Effective dose, the inhalation dose and the ingestion doses for the dwellings. Fig. 4 shows the variation of Annual Effective dose for each dwelling site. The annual effective dose varies from 0.88 to 3.78 mSvy À1 with a mean value of 2.13 mSvy
À1
. The average value was above the worldwide average of 1.15 mSvy À1 (UNSCEAR., 2000) but it is below the lower limit of the recommended action level of 3e10 mSvy À1 (ICRP, 1993) . The Indoor radon concentration and drinking water radon concentration was used to calculate the annual effective doses for inhalation and ingestion. The annual dose for ingestion varies from 0.36 to 7.91 mSvy À1 with a mean value of 3.92 mSvy
, and the annual dose for inhalation varies from 0.0042 to 0.1454 mSvy À1 with a mean value of 0.0504 mSvy À1 . Fig. 5(a) shows the correlation graph for the measured indoor radon concentrations and soil-gas radon concentration of the study area. A positive correlation (R 2 ¼ 0.78) was observed between indoor radon concentration and soil-gas radon concentration, which shows that the soil gas radon concentration also contributes to indoor radon concentration. Fig. 5(b) shows the correlation graph for the measured indoor radon concentrations and drinking water radon concentration. The indoor radon concentration was also found positively correlated (R 2 ¼ 0.74) with the drinking water radon concentration. Both the graphs show that the indoor radon concentration depends upon the radon in the nearby soil and radon in drinking water.
Conclusion
It is concluded that the radon concentration is relatively high in soil-gas and drinking water of the study area due to ) with sampling site (House Nob.). 1.15
J o u r n a l o f R a d i a t i o n R e s e a r c h a n d A p p l i e d S c i e n c e s 9 ( 2 0 1 6 ) 2 2 8 e2 3 3 the tectonically active nature of Main Boundary Thrust. The results have shown a strong positive correlation between soil-gas radon concentration and indoor radon concentration. Similarly the strong positive correlation has been found between radon concentration in drinking water and indoor radon concentration. This leads to the conclusion that along with the soil underneath the houses and building material, soil nearby the houses and drinking water also contributes to the indoor radon concentration in the study area. It is further concluded from the present study that a major portion of the total inhalation dose to the people of study area is from the ingestion of drinking water. The values of the annual effective dose and annual inhalation dose have been found within the safe limit. The present study will be helpful to understand radiation level in the study area for further studies. Fig. 4 e The annual effective dose received by the occupants in the study area. 
